Abstract. Gadolinium neutron capture therapy (Gd-NCT) is an experimental cancer treatment based on the physical principal that neutron capture by gadolinium-157 ensures the release of focal high-dose radiation, such as Á-rays and electrons. Survival and induction of chromosomal aberrations of human SW-1573 cells was studied after thermal neutron irradiation without and with gadolinium. After neutron irradiation with Gd-DTPA, an ·-enhancement factor of 2.3 was obtained compared to thermal neutron irradiation alone. Gd-DTPA could not radioenhance the cells for Á-ray irradiation. Induction of colour junctions and chromosome fragments by thermal neutron irradiation and Gd-NCT were studied using PCC-FISH. Correlations (r 2 -value) between survival and chromosome aberrations ranged from 0.81 to 0.94 for colour junctions and from 0.78 to 0.98 for chromosome fragments of chromosomes 18 and 2 respectively. Thermal neutron irradiation with or without gadolinium induced more chromosome aberrations than Á-ray irradiation. After correction for chromosome length it appeared that both chromosomes were equally sensitive to radiation. It is concluded that Gd-NCT at a non-toxic concentration of gadolinium is effective in inducing cell death and chromosome aberrations in in vitro cell cultures.
Introduction
Gadolinium-neutron capture therapy (Gd-NCT) is an experimental cancer treatment modality which utilizes the gadolinium neutron capture reaction after irradiation with thermal neutrons. Gadolinium-157 (Gd-157) has some advantages over boron-10 in NCT because the neutron capture cross section is 66 times larger. Moreover, when 157 Gd is irradiated with thermal neutrons, it emits long-range Á-rays, internal conversion electrons, X-rays and Auger electrons (1) . Based on these properties, it has been suggested that Gd-NCT has an important potential for cancer therapy (2) (3) (4) .
Radiation damage in mammalian cells leads to cell reproductive death caused by chromosomal damage. It is expected that most of the damage induced by thermal neutron irradiation with or without gadolinium is high-LET radiation damage (5). Ward et al (6) suggested that high-LET radiation produces more complex DNA lesions which are less easily repaired than low-LET irradiation. Several studies have indeed shown that high-LET irradiation produced more residual chromosome breaks than low-LET irradiation. Löbrich et al (7) , using pulsed-field gel electrophoresis, found that the repair kinetics was generally slower after irradiation with high-LET particles as compared to X-irradiation and that a larger proportion of the breaks remained unrepaired after 24 h. Wu et al (8) using PCC-FISH demonstrated that the frequency of chromosome fragments was higher after high-LET radiation than after low-LET radiation and that the ratio of chromosome fragments increased steadily with LET up to a peak of 440 keV/μm.
As gadolinium-DTPA (Magnevist ® ) is already applied in clinical practice in MRI diagnostics, it is of interest to study the possible advantages of this Gd-compound combined with neutron irradiation. We have carried out survival and chromosome aberration induction studies after Gd-NCT in order to provide insights in the mechanism of this treatment. The outcome of these studies is compared with survival and induction of chromosomal aberrations after Á-rays.
Materials and methods
Cell culture. Human SW-1573 cells (squamous lung carcinoma) were grown at 37˚C as monolayers in 75-cm 2 tissue culture flasks (Costar) in Leibowitz-15 medium (L-15, Gibco-BRL) supplemented with 10% fetal bovine serum and 2 mM glutamine. The L-15 medium does not require a CO 2 atmosphere in incubation. The doubling time of the cells during exponential growth is 22-24 h (9,10). For experiments, the cells were incubated for 3 h in medium containing 0 or 2.5 mM of gadolinium-DTPA (Magnevist ® ). Cell survival. Two hours after irradiation (after returning from the LFR at Petten), cells were plated at appropriate cell numbers for clonogenic assay. Ten days after plating, the colonies were fixed in 6% glutaraldehyde and stained with 0.05% crystalviolet. Colonies of 50 cells or more were scored as originating from a single clonogenic cell. The plating efficiency of these cells is 85±5%. Cell survival curves were analysed using SPSS statitistical software by means of a fit of the data by multiple regression according to the LQ formula: S(D)/S(0)=exp-(·D+ßD 2 ) (13). Differences between survival curves with and without gadolinium were tested for significance using SPSS. The ·-enhancement ratio was calculated by dividing the ·-value of the survival curve after Gd-NCT with the ·-value of the survival curve after thermal neutron irradiation alone.
Scoring of aberrations and fluorescence in situ hybridization.
In separate experiments, cells were treated to prepare prematurely condensed chromosome slides (PCCs). After irradiation, the cells were plated in culture dishes. On the following day the monolayer cultures of cells were treated with calyculine A for one hour to induce PCC formation (14) . Then, the cells were harvested, treated with hypotonic KCl solution (0.075 M) for 20 min and fixed in methanol/ acetic acid (3:1). Finally, the cell suspension was dropped on precleaned slides and air-dried. PCC spreads were hybridized to whole chromosome-specific FITC and Cy-3 labelled probes of chromosome 2 and 18 (Cambio UK) using the method described by Darroudi et al (15) . Slides were counterstained with DAPI (2.5 μg/ml) and embedded in antifade solution (Vecta shield, Vector laboratories, Burlingame, CA).
SW-1573 cells contain between 60 and 67 chromosomes. To study the relationship between yield of exchanges and radiation doses, chromosomes 2 and 18 were selected (16) . These chromosomes exhibited no spontaneous exchanges. Two copies of chromosome 18 and three copies of chromosome 2 were present in over 95% of the metaphases studied. According to the chromosome length measurements, the relative lengths of chromosomes 18 and 2 were 3.6±0.3% and 7.8±0.6% of the complete genome, respectively (17) . Slides were examined using a fluorescence microscope (Zeiss Axioskop 2 MOT) equipped with a triple filter block to detect all painted chromosomes (FITC, Cy-3 and DAPI for total DNA) in one image. Two-to four-hundred PCCs were scored for each dose and chromosome. The induction of colour junctions and chromosome fragments of painted chromosomes was scored according to the method described by Tucker et al (18) . An exchange between a fragment of a painted chromosome and a fragment of an unpainted chromosome was scored as a colour junction. The rejoining of two identically painted chromosome fragments without a centromer was scored as fragment.
Results
In Fig. 1 the survival curves are presented after thermal neutron irradiation and Á-ray irradiation after incubation of the cells with or without 2.5 mM Gd-DTPA. It is obvious that Gd-DTPA enhances the effects on cells of irradiation with thermal neutrons but not with Á-rays. The ·-enhancement ratio of the survival curve after Gd-NCT as compared to thermal neutron irradiation alone was 2.3 (the LQ parameters are listed in the legend of Fig. 1) . The difference between the survival curves after NCT with and without gadolinium is significant (p=0.002).
In Tables I and II , the number of colour junctions and chromosome fragments of chromosomes 2 and 18 is presented after thermal neutron irradiation or Á-rays with or without incubation of the cells with Gd-DTPA. After Gd-NCT, the number of colour junctions and chromosome fragments is increased as compared to thermal neutron irradiation alone. The differences are not statistically significant. The numbers of chromosomal aberrations found after Á-rays with and without Gd are similar. After Á-rays, lower numbers of colour junctions and chromosome fragments were found than after thermal neutron irradiation with or without gadolinium. Fig. 2 shows the linear regression analyses between the surviving fraction and induction of chromosome aberrations after thermal neutron irradiation and Á-rays with and without gadolinium. Similar correlations between surviving fraction and colour junctions or chromosome fragments after thermal neutron irradiation with and without Gd were obtained for each chromosome. Therefore, the data for thermal neutron irradiation and Gd-NCT were pooled for the overall linear regression analysis. However, there are differences in these correlations between chromosomes: for colour junctions r 2 =0.98 and r 2 =0.78 and for chromosome fragments r 2 =0.94 and r 2 =0.81 for chromosomes 2 and 18 respectively. Also for Á-rays, good correlations between surviving fractions and colour junctions or chromosome fragments were obtained (Fig. 3) . r 2 -Values, for colour junctions, were 0.87 and 0.82 and, for fragments, were 0.81 and 0.76 for chromosomes 2 and 18 respectively. Chromosome 2 shows more aberrations after irradiation than chromosome 18 (Table I) . However, after correction for chromosome length, chromosome 18 being 2.2 times shorter than chromosome 2, it is calculated that the difference in number of aberrations between the chromosomes after thermal neutron or Á-ray irradiation is not significant.
Discussion
This study shows that NCT with gadolinium resulted in a clear radio enhancement as compared with thermal neutron irradiation without gadolinium. This is obvious from the ONCOLOGY REPORTS 15: 715-720, 2006 Table I. Frequency of colour junctions in chromosomes 2 and 18 after irradiation with thermal neutrons and Á-rays of SW-1573 lung tumour cells with or without gadolinium. ---------------------------------------------------------------------------------------------------- Table II . Frequency of chromosome fragments in chromosomes 2 and 18 after irradiation with thermal neutrons and Á-rays of SW-1573 lung tumour cells with or without gadolinium.
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value of 2.3 for the ·-enhancement ratio obtained for cell survival. Also, the induction of chromosomal aberrations after Gd-NCT is higher than after thermal neutron irradiation alone. The increase of radiation effects produced by Gd is probably due to extra conversion electrons and photons. The contribution of high-LET Auger electrons is disputable. De Stasio et al (19) observed some intracellular accumulation after long exposure to a high dose (25 mg/ml, 120 h) of Gd-DTPA. In our experiments, it is assumed that cells hardly take-up Gd-DTPA as, after a 3-h incubation with 2.5 mM, no toxicity was measured. Therefore, the Gd-DTPA will be too far from the nucleus to produce Auger electron-induced DNA damage.
It was found that the survival curve after thermal neutron irradiation with and without gadolinium showed no initial shoulder. This is in agreement with the results of Maki et al (5) who studied the survival of Hela cells after thermal neutron irradiation alone. There are several papers describing the DNA damaging effects of thermal neutron irradiation with or without boron or gadolinium (5, (20) (21) (22) . Martin et al (20, 21) observed DNA-dsbs after treating test-tube DNA by Gd-NCT. Because, in this study, the Gd was in close proximity to the DNA, the Auger electrons were held responsible for this effect. Maki et al (5) examined the effects on cellular viability and induction and repair kinetics of DNA strand breaks in HeLa cells after exposure to a thermal neutron beam and compared them with those after Á-irradiation. No difference in the repair kinetics of DNA-ssb and DNA-dsb was observed between thermal neutrons and Á-rays. This is in contrast with the findings of Pöller et al (22) who found a significantly reduced DNA repair capacity after boron-NCT or thermal neutron irradiation alone as compared with X-irradiation. Our study shows that thermal neutron irradiation is more effective in producing chromosomal damage than Á-ray irradiation as more colour junctions and fragments were produced after lower doses.
In the human tumor cell line, SW-1573, a higher number of fragments was found after both thermal neutron irradation and Á-rays as compared to the numbers of unrejoined chromosomes found by Wu et al (8) in normal human fibroblasts, AG-1522 cells. Wu et al (8) exposed the AG-1522 cells to Á-rays and high LET ion particles and observed an increase in the frequency of unrejoined chromosomes after high-LET radiation as compared to low-LET radiation. The findings are dependent on the cell line. Bergs et al (23) found similar numbers of fragments in the SW-1573 cells after Á-ray irradiation. The difference between number of fragments and unrejoined chromosomes can also be due to the state of the cells during irradiation and the repair time allowed after irradiation. Wu et al (8) irradiated the cells in a confluent state and allowed the cells to repair for 24 h and then the cells were transferred from a T-25 flask to T-75 culture flask for a further 32-h incubation at 37˚C before calyculin A was added to make PCCs. The AG-1522 cells may have been induced into cell division and cells with unrejoined chromosomes may not have survived mitosis. In our experiments, the SW-1573 cells were irradiated in suspension and then transferred to culture disks and allowed to attach and, 16 h later, PCCs were performed by adding calyculin A. It is very unlikely that the SW-1573 cells went into mitosis in this period and cells with fragment chromosomes were still part of the population.
Correlations between surviving fractions and chromosomal aberrations (colour junctions or fragments) showed that they were very similar for Gd-NCT and thermal neutron irradiation without gadolinium and also for Á-rays with or without gadolinium. In a previous study, we compared the effects of low-LET irradiation with and without BrdUrd or IdUrd (24) (25) (26) (27) and observed a good correlation between survival and chromosome aberrations. Our results indicate that gadolinium contributes to the cell killing effect of thermal neutrons but not of Á-rays. To our knowledge, this is the first study in which induction of DNA damage by Gd-NCT is examined at the chromosomal level and where survival is correlated with this damage. Gd-DTPA is a promising compound for use in NCT. However, it remains to be established whether Gd-NCT will be an adequate radiation treatment for cancer.
